Introduction {#S1}
============

Social life does not only bring benefits, but also entails many challenges. Interactions between individuals can, therefore, depending on the circumstances, either alleviate or cause stress ([@R15]). One of the mechanisms serving to diminish the effects of stressors is social support, which leads to less intense (physiological) responses to stressful situations ("buffering model" reviewed by [@R12]). It is important to note, however, that social support is not directed towards random individuals, but rather specifically towards close affiliates or bonding partners. Hence, the quality of the social relationship (see [@R13]; [@R23]) determines the amount of social support given and received. Close social bonds are therefore very valuable and accordingly, one could assume that being separated from a social ally acts primarily as a psychological stressor and results in increased glucocorticoid levels. Indeed, [@R42] showed that in zebra finches (*Taeniopygia guttata*) corticosterone, the major glucocorticoid in birds ([@R28]), is elevated due to pair mate separation (48 h) and returns to baseline levels upon reunion. The study also discovered that the presence of other conspecifics during separation from the bonded partner did not significantly attenuate the hypothalamic-pituitary-adrenal axis activation.

So far, however, little is known about animals' adrenocortical activity in groups of affiliated, but not pair-bonded individuals with a high degree of fission--fusion dynamics, where long-lasting separations of affiliates may occur frequently. Unlike previous uses of the term "fission-- fusion" in the context of a specific type of social system (i.e. "fission--fusion society"), it is now referred to in more dynamic terms defined by the degree of spatial and temporal cohesion of individuals in a group ([@R1]). This means that over time groups can change in size and composition to varying extents (e.g. in Guiana dolphins, *Sotalia guianensis*, [@R32]; spider monkey, *Ateles geoffroyi*, [@R41]).

Non-breeding common ravens (*Corvus corax*) are highly gregarious and live in groups that exhibit high degrees of fission--fusion dynamics ([@R8]). Individuals usually remain in these groups until they gain sexual maturity and form long-term monogamous pairs that establish large breeding territories (size depends on the availability of food and breeding sites, [@R17]), which they defend all year round ([@R26]). Non-breeding ravens often form small subgroups of individuals for socializing during the day ([@R8]), and join bigger non-breeder groups to be able to compete for food with territorial breeding pairs ([@R33]) or potentially dangerous predators, like gray wolves (*Canis lupus*, [@R48]).

Additionally, raven non-breeder groups are structured by close social bonds, characterized by affiliative interactions and selective cooperation ([@R7]; [@R27]). Affiliated birds reciprocate active agonistic support ([@R22]), console one another after conflicts with other individuals ([@R20]) and also reconcile conflicts with each other ([@R21]). Recent findings have further revealed that ravens are able to remember the relationship valence even for years ([@R5]) and understand third-party relations without having to interact physically with the respective conspecifics ([@R34]). All these findings suggest that in ravens social bonds are pivotal in respect to solving problems in daily social life. Whether or not individuals can rely on a bonding partner affects their status in the group and ability to secure resources ([@R7]). It might also affect their response to challenges like being separated from and reunited with conspecifics, as it is typical in fission--fusion dynamics.

With the present study we aimed at investigating changes of adrenocortical activity in ravens during experimentally induced fission--fusion situations. By individually separating group members for four days and subsequently reintroducing them into their group and simultaneously measuring immunoreactive corticosterone metabolites (CM) in the birds' droppings, we intend to investigate changes in the ravens' stress levels throughout the experiment. Considering the positive effect of social bonds, we predicted that corticosterone secreted in ravens is increasing while they are individually separated and declining once they are released back into the group, and we hypothesize that the stress-induced changes in the adrenocortical activity depend on how well an individual is socially integrated in the group.

Material and methods {#S2}
====================

Subjects and housing {#S3}
--------------------

The study was conducted on 16 ravens (7 males, 9 females) at the Haidlhof Research Station in Bad Vöslau, Austria. With the exception of one female who hatched in the wild, all individuals were born and raised in captivity. In the study period the birds were 1½ to 2 years old, hence still sub-adult and sexually immature. Individuals were grouped into two mixed-sex non-breeder groups of 8 birds each, ensuring a species-specific social situation that resembles natural conditions at that early stage of a raven's life. To facilitate individual identification all birds were marked with colored leg-rings.

The ravens were housed in an aviary complex, consisting of three main units (approx. 230 m^2^ each), which were connected by lattice fence runways. While the birds had permanent access to one main unit, all the others were at least temporary accessible, hence, the ravens were acquainted with all areas. Like all units, the ravens' main aviary consisted of freely accessible indoor and outdoor compartments and was furnished with branches, trees, and shallow water basins. The ground was covered in equal manner with wood chips, stones and sand, offering plenty of opportunities to cache food and other items, which ravens do frequently. Their diet consisted of meat, chicken eggs, vegetables, fruits and yoghurt and was provided on a daily basis, while water was available ad libitum.

Social integration {#S4}
------------------

We calculated a social integration score for each bird using data from the behavioral parameter "*contact sit*" (birds sitting within one body length to each other), which proved to be an appropriate indicator for close socio-positive relationships in a previous study ([@R47]). For each bird the data was extracted from 5-minute focal observations of 12 randomly selected days (except for experiment days) distributed over the study period (group 1: Dec. 2011--May 2012; group 2: Dec. 2012--May 2013). From these data we constructed weighted, undirected social networks for both groups and calculated normalized Freeman degree values for each individual, using UCINET 6 ([@R6]). Weighted degree values consider the number of interaction partners of an individual as well as the number of interactions with these partners. To get comparable individual scores from both groups, weighted degree values were transformed into relative values (in %) measured against the individual with the highest value of the respective group, which then represented an individual's relative social integration in its respective group (for details see [Supplementary material Tab. S1](#SD1){ref-type="supplementary-material"}).

Experimental procedure {#S5}
----------------------

Each tested individual (hereafter "focal" individual) was subjected to an 11-day experiment, which started with a 3-day control phase during which the focal individual was housed in its everyday social group. On day 4 the focal raven was separated individually from his or her conspecifics for four days. On this day, around 9:30 am, the respective focal individual was isolated in a side compartment of the main aviary and caught with a net within only a few minutes. Afterwards the raven was transferred to a familiar compartment (80 m^2^) of another aviary unit that was situated approximately 20 m away from the group's aviary. Hence, the bird was isolated visually, but not acoustically. During the separation phase the focal raven was presented with the same dietary conditions as the group to minimize environmental influences other than social aspects. On day 8, after the separation phase, the bird was allowed to move back to the group through a runway to avoid any further handling stress. This reunion event was followed by a 3-day reunion phase ([Fig. 1](#F1){ref-type="fig"}).

Droppings of each focal individual were collected each day during the entire experiment with the exception of day 4 when the focal bird was separated and day 8 when it was reunited, because the birds might have been stressed due to moving from one aviary to another ([Fig. 1](#F1){ref-type="fig"}). This allowed us to determine not only the changes in adrenocortical activity in response to the separation itself, but also the metabolite level prior to separation and the adrenocortical response to the reunion ([Fig. 1](#F1){ref-type="fig"}). For the sake of brevity, the corticosterone level prior to the separation is referred to as "*control*", even though it is hard to rule out that unknown or uncontrolled stress factors were acting on the animals.

To be sure about the origin of a dropping the focal individual was visually tracked until it produced a sample, which was then immediately collected. The collection happened between 10:00 to 11:30 am to avoid measuring the corticosterone peak many bird species excrete in the early morning ([@R10]; [@R36]). Immediately after the collection period samples were frozen at −20 °C ([@R37]).

Between experiments there was a minimum of a two-week period in order to give the birds time to re-stabilize relationships in the group that were potentially disturbed due to the separation. Since hormone levels vary with age of the individual and season ([@R9]; [@R51]), we tested the first group, of which all ravens hatched in 2010, between December 2011 and May 2012 and the second one, where all but two individuals hatched in 2011, between December 2012 and May 2013. All procedures were approved by the Austrian Federal Ministry of Science, Research and Economy (approval number: BMWFW-66.006/0016-WF/II/3b/2014).

Choosing the most appropriate enzyme immunoassay --- ACTH challenge {#S6}
-------------------------------------------------------------------

To date the enzyme immunoassay used to measure corticosterone metabolites (CM) in ravens had been validated only biologically ([@R51]). To add a physiological validation and to test the potential suitability of another, more recently developed assay we performed an ACTH challenge on four ravens in September 2012. Two experienced researchers caught two males and two females out of their home aviary. Subsequently, a veterinarian conducted a health check on all birds before administering the ACTH (Synacthen: 250 μg/ml, Novartis) injection in the right brachial vein. Each individual received 0.5 ml of synthetic ACTH. Immediately after, the ravens were released in male--female pairs in two separate compartments of their home aviary and all droppings were collected for the following four hours. Droppings were also collected two hours prior to capturing to measure the basal corticosterone metabolite concentration on that day.

All samples were analyzed with two different enzyme immunoassays: (A) an 11-oxoetiocholanolone assay (using 11-oxoetiocholanolone as standard and antibodies raised in rabbits against 5β-androstane-3α-ol-11,17-dione-17-CMO: bovine serum albumin; sensitivity: 1 ng CM/g dropping, detailed assay description see [@R38]), which turned out to be the most appropriate assay for ravens following the biological validation ([@R51]). This assay does not only cross-react with C~19~O~3~ steroids but also with C~21~O~4~ metabolites that possess a 3α-ol-11-oxo structure. The second assay (B) was a cortisone assay (using 4-pregnene-17α,21-diol-3,11,20-trione as standard and antibodies raised in rabbits against 4-pregnene-17α,21-diol-3,11,20-trione-21-HS: bovine serum albumin; sensitivity: 3 ng CM/g dropping, detailed assay description in [@R54]), which is suitable to measure CM excretion in several bird species e.g. northern wheatears, *Oenanthe oenanthe* ([@R18]), chicken, *Gallus gallus domesticus*, and quail, *Coturnix japonica* ([@R43]; [@R54]). Another 11-oxoetiocholanolone EIA (detailed assay description see [@R39]) was initially also taken into consideration, but already the immunogram showed that this assay is not appropriate for measuring CM in raven droppings.

Even though assay A as well as B could detect a CM peak ([Fig. 2](#F2){ref-type="fig"}), it seems that this peak is related to the short, but stressful event of catching rather than to the ACTH treatment itself, which in the bird treated last happened 45 min after catching. This time delay was caused by the thorough medical examination of each of the four birds prior to the injection. The time lag between the start of catching and the appearance of the CM peak ranges from 76 to 79 min with an 7.2 ± 3.7 fold CM increase in assay A, and from 76 to 91 min using assay B, which showed an 6.3 ± 2.3 fold surge. Although it appears that both assays are equally suitable for the measurement of CM, assay A was chosen for the further analysis, first, because it showed a somewhat higher increase (though assay B yielded higher absolute concentrations) above baseline after the challenge, and second, in order to facilitate comparability of the values to those of previous studies (e.g. [@R51]).

Since in some species sex differences in the biochemical structure of the CM excreted have been observed (reviewed in [@R25]; [@R55]), a reversed-phase high-performance liquid chromatography (RP-HPLC, linear water/methanol gradient 20%-- 100%) was conducted with a pool sample for each sex (sample preparation as described in [@R54]). Our results show that males and females excrete almost identical patterns of CM ([Fig. 3](#F3){ref-type="fig"}; the difference in height of the peaks is most likely due to different CM amounts in the pool sample). Therefore, CM of males and females can be compared directly without any concerns.

Extraction and analysis of immunoreactive corticosterone metabolites {#S7}
--------------------------------------------------------------------

Droppings were frozen at −20 °C until analysis. For the CM extraction 0.1 g of wet dropping and 1 ml 60% methanol were mixed, shaken for 30 min and centrifuged for 15 min at 1942 *g* ([@R40]). If droppings weighed less than 0.1 g, the amounts of methanol and distilled water were adjusted accordingly. The resulting extract was diluted with assay buffer (1 + 4) and analyzed with enzyme immunoassay A. All samples were analyzed in duplicates. The inter-assay coefficient of variance (CV) of the separations in 2012 and 2013 were 10.1% and 7.5%, respectively, while the intra-assay CV was 5.7%.

Statistical data analysis {#S8}
-------------------------

To test whether CM levels during the experiment were influenced by the level of social integration, we used a general linear mixed model (GLMM; [@R2]). Into this we included social integration, phase (control, separation, reunion) and their interaction as fixed effects and individual and test day (nested in individual) as random effects. The reason for including the interaction was that we expected the effect of social integration to depend on the phase. To control for the effect of sampling time (in relation to sunrise) we included the time elapsed since sunrise as an additional fixed effect into the model. To keep type I error rate close to the nominal level of 0.05 we included random slopes ([@R3]; [@R46]) of phase and sampling time within individual (after manually dummy coding it). We did not include correlations between random intercepts and random slopes to avoid the model getting too complex (according to [@R3] neglecting random slopes does not appear to compromise type I error rates). To get an overall test of the effect of the level of social integration (as a main effect or as an interaction with phase) we compared the full model with a null model comprising only phase, sampling time and the same random effects as the full model ([@R19]) using a likelihood ratio test ([@R16]). We also tested the effect of the interaction by dropping it from the model and comparing the full and the reduced model using a likelihood ratio test.

Prior to running the model we z-transformed social integration to a mean of zero and a standard deviation of one ([@R45]). We also log transformed CM levels to achieve normally distributed and homogeneous residuals (ascertained by visual inspection of a qq plot of the residuals and residuals plotted against fitted values). The models were fitted in R ([@R14]) using the function lmer of the package lme4 ([@R4]). The model was fitted using Maximum Likelihood (lmer argument REML set to FALSE) on a data set including a total of 218 CM measures made at 121 test days and from 16 individuals.

Results {#S9}
=======

Overall, there was a clear effect of the ravens' social integration on their adrenocortical activity (full-null model comparison: χ^2^ = 13.51, df = 3, P = 0.004). More specifically, individuals having low scores of social integration were showing elevated CM levels during the control and reunion phase, but we found no strong effects of social integration during the separation phase, meaning that in this phase all individuals showed similar CM levels (test of the interaction to: χ^2^ = 8.32, df = 2, P = 0.016; [Fig. 4](#F4){ref-type="fig"}). Sampling time did not have a significant effect on the ravens' adrenocortical activity. For further details on the GLMM see [Supplementary material Tab. S2 and Fig. S1](#SD1){ref-type="supplementary-material"}.

Note that the CM levels of some individuals, in particular in the middle of the social integration range, do not follow the clear pattern of having either higher or lower CM levels during the separation than during the phases in which the bird was within the group.

Discussion {#S10}
==========

This study demonstrates that ravens do show changes in CM levels due to being separated from their group as well as due to being reunited. Interestingly, the predicted pattern of CM levels in the course of the experiment -- an elevation of CM following the separation and a decrease upon the reunion -- was more likely to be found in socially well-integrated than in poorly integrated individuals. Poorly integrated ravens seemed to be less stressed during the separation than during the control and reunion phase, excreting less CM while being socially separated and more when they were within the group.

These results indicate that the adrenocortical activity of better integrated subjects is more likely to be attenuated when they are in the group, because they have more bonding partners with which they shared more positive interactions, while ravens that are poorly integrated are more stressed because they might lack social support and are therefore also prone to experience conflicts (see [@R22]). While separated, however, the latter do not have to compete for food, nor can they fall victim to agonistic interactions. Being alone, thus, appears to be stressful for well-integrated individuals, but more tolerable, or maybe even pleasant for ravens of poor social integration. It is important, though, to note that the focal individual was only isolated visually, but not acoustically. Given this setting, the separated bird could probably have communicated with the ones remaining in the group and, hence, could have known that the others are still in proximity (see [@R5]).

The ravens were maintained on the same diet throughout the whole study. Ravens cache food, which makes it very difficult to assess how much they are actually ingesting. Therefore, we cannot exclude changes in food consumption during isolation, which could have affected amounts of droppings excreted and thus CM concentrations measured. However, as body weight did not correlate with an individual's social integration score (Pearson correlation coefficient: males r = 0.14; females r = −0.16), we do not think that social integration had an effect on the total food intake. Moreover, if poorly integrated birds ate more of their highly preferred food (meat) when alone, total dropping weight should have been lowered due to the better digestibility of meat. Consequently, CM concentrations should be higher, but we observed the opposite patterns in socially less integrated individuals. Therefore, we consider it unlikely that food intake accounts for the differences in CM levels measured during the three experimental conditions.

The adrenocortical activity of some individuals, in particular in the middle of the social integration range, do not seem to follow the clear pattern of having either higher or lower CM levels during the separation than during the phases in which the bird was within the group. [@R35] could show that ravens intervene more often in affiliative interactions of loosely bonded individuals than of strongly bonded ones, presumably in order to prevent others from forming alliances. Accordingly, it might well be that ravens in the middle of the social integration range, which can be seen as an approximate equivalent to the loosely bonded birds in Massen et al.'s study, experience interventions in their affiliative interactions more frequently and therefore do not exhibit consistently higher or lower stress levels when in the group, compared to when separated ([Fig. 4](#F4){ref-type="fig"}).

In recent years it was hypothesized that enhanced cognition, which involves behavioral flexibility, might provide alternative stress coping strategies to neuroendocrine stress responses. [@R29], for example, found that within long-lived bird species, large brains may serve as compensatory mechanism, allowing the animals to avoid or anticipate stressors and reduce corticosterone levels. Although ravens were not taken into account in this analysis, these findings might also apply to them, as they too are a long living and large-brained bird species. Individual differences in the ability to cope with stressful situation, i.e. coping styles, in terms of cognition could have affected the birds' physiological stress responses and thereby also the results we observed. Individuals with a proactive coping style exhibit active, fast and bold behavioral reactions and low adrenocortical stress responses, whereas birds of reactive coping styles show passive, slow and shy behavioral and strong adrenocortical responses (e.g. in great tits, *Parus major*, [@R53]; [@R11]). The coping style of an individual not only influences its physiological stress response, but also the way it deals with the presence/absence of social allies (e.g. in ravens,[@R50], [@R49]; great tits, [@R52]).

That the ravens' adrenocortical activity depends on social context is comparable with findings of other studies. For instance, in greylag goose (*Anser anser*) secondary families (consisting of last year's offspring, now subadults, rejoining their parents, if the latter fail to reproduce, [@R30]) adult as well as subadult females profit from passive social support and therefore exhibit reduced adrenocortical responses during socially stressful situations ([@R44]). Another, more recent work discovered that also in a cichlid fish (*Oreochromis mossambicus*) the effect of a social isolation on the separated individual's cortisol level is modulated by the previous social context ([@R24]). In this study it was found that individuals from groups with a stable hierarchy were more stressed during separation than their conspecifics from groups with an unstable hierarchy, irrespective of their social status ([@R24]).

The socio-ecological implications of our findings could likely be related to the emergence of social niches. In wild ravens, [@R31] could observe individual differences in the birds' movement patterns, which might have resulted from various social aspects, such as the number of social allies and the aggression rate within the group. Accordingly, it might well be that poorly integrated individuals join groups less frequently or for a shorter period than well-integrated ones. Individuals may therefore rely on different socio-ecological strategies, which in turn might have an effect on their survival. Whether this holds true has yet to be shown in further studies on wild raven populations. Moreover, future research, including separations of whole sub-groups, is needed to better understand the endocrine influences of fission--fusion dynamics on the remaining group.
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![Experimental design: Focal individual during the three phases (control, separation, reunion). Droppings were collected during the control phase as well as on days 5--7 and 9--11.](emss-67041-f0001){#F1}

![Concentrations of corticosterone metabolites (CM, ng/g dropping) before and after the ACTH administration (time 0) measured with assay A (white boxes, left axis) and assay B (gray boxes, right axis). Each box includes one value of each of the four individuals (2 males, 2 females), which is either a single value or the mean of all samples collected from one bird within 30 min. The boxes present the median (line) as well as the minimum and maximum value.](emss-67041-f0002){#F2}

![Immunogram of ravens' excretion patterns of corticosterone metabolites (CM). The continuous line represents females, the dotted line males. The triangles on the top are indicating the elution pattern of the following steroids: E1S = estrone sulfate, C = cortisol, and CC = corticosterone.](emss-67041-f0003){#F3}

![Differences (Δ) in the mean CM levels of individuals (n = 16) plotted against their relative social integration (%) between the separation phase (set to 0 as a reference point) and the other experimental phases (within the group): control (light gray circles), reunion (dark gray triangles). Individuals with CM values above 0 have higher CM levels when in the group (control, reunion) compared to when alone (separation). CM values below 0 indicate that these birds excrete higher amounts of CM during the separation phase than during the control phase or upon reunion. The levels at 0% integration include values of two individuals.](emss-67041-f0004){#F4}
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